Bacteria overwhelmingly live in geometrically confined habitats that feature small pores or cavities, narrow channels, or nearby interfaces. Fluid flows through these confined habitats are ubiquitous in both natural and artificial environments colonized by bacteria. Moreover, these flows occur on time and length scales comparable to those associated with motility of bacteria and with the formation and growth of biofilms, which are surface-associated communities that house the vast majority of bacteria to protect them from host and environmental stresses. This review describes the emerging understanding of how flow near surfaces and within channels and pores alters physical processes that control how bacteria disperse, attach to surfaces, and form biofilms. This understanding will inform the development and deployment of technologies for drug delivery, water treatment, and antifouling coatings and guide the structuring of bacterial consortia for production of chemicals and pharmaceuticals.
INTRODUCTION
Bacteria inhabit nearly every niche on earth, from the hydrothermal vents in the ocean depths to the frosty soils of the arctic tundra. Across the multitude of environments inhabited by bacteria, interactions with nearby surfaces play an essential role in determining bacterial behavior. Indirect interactions with surfaces are mediated by the fluids that deliver nutrients and through which bacteria move and are transported. Through direct interactions, bacteria use filamentous appendages to transiently move along surfaces and permanently attach there to form biofilms.
Fundamental for their ecology in native habitats, the behavior of bacteria under flow near surfaces or in confinement also informs the design and control of industrial processes. Bacteria such as Escherichia coli are crucial to the production of pharmaceuticals and proteins using recombinant DNA technology, especially for insulin (1) and modern cancer-targeting drugs (2) . Microbial production requires flow near surfaces-traditional batch bioreactors are stirred or bubbled to distribute nutrients evenly, and modern perfusion bioreactors are continuously flushed with nutrients to improve production efficiency. Designing new processes to produce pharmaceuticals using bacteria relies on high-throughput screening methods to rapidly iterate through many parameters. As examples, flow cytometry (3) and microbioreactors (4) require controlling the flow, transport, sequestration, and identification of individual bacteria, often using microfluidic technology. How confinement and flow in these settings affect bacterial growth and transport remains incompletely understood.
Whereas bacterial growth is essential for pharmaceutical production, undesired bacterial growth is detrimental for other industries and processes. Bacteria readily colonize nearly any engineered or natural surface, using their surface appendages to attach and spread on surfaces of varying chemistry and topography (5) . Attached bacteria subsequently divide and excrete polymeric substances to form a biofilm, a major contributor to the costly fouling of biomedical devices, bioreactors, food and paper processing equipment, membranes, and pipelines. Biofilms are estimated to generate annual costs of $1-$2 billion/year in corrosion damage and $94 billion/year in healthcare. The high specific surface areas of confined materials exacerbate attachment and biofilm growth.
The affinity of bacteria for surfaces, so often targeted by antifouling materials, can be harnessed in creative and useful ways. Bacteria can act as microscale motors by adhering to and propelling payloads with modified surface chemistries (6) . Microfabricated chemical (7) or topographic (8) patterns can generate ordered arrangements of adhered bacteria with well-defined spatial structure, with important implications for engineering functional synthetic consortia (9) . Both shear forces from flow and adhesive forces to the surface modulate patterns of adhesion and motility of bacteria.
Beyond engineering applications, the motion and transport of bacteria through confined spaces affect diverse environmental and physiological processes. For example, bacterial pathogens may thrive in narrow pore throats and small voids between particles of soil (10) or permeate tight gaps between cells to invade tissues (11) . Although invasion of pathogenic bacteria can lead to diseases such as tuberculosis and pneumonia, bacteria can also serve as drug delivery vectors (12) due to their ability to swim and move collectively through narrow vasculature and crowded tissue. Despite the relevance for a wide array of engineering problems, fundamental questions remain about the role of fluid flow and confinement on behavior of planktonic and surface-attached bacteria.
This review focuses on bacterial behaviors arising from the interplay of geometric confinement and flow. This focus complements recent reviews that more broadly describe effects of flow for planktonic bacteria (13) (14) (15) and biofilms (16, 17) or that describe new approaches to generate confined microenvironments (18) . By broadly considering the consequences of confined flow over a range of bacterial densities, we highlight the relevance of confined flow across the biofilm developmental process. Relevant length scales for bacteria. Filamentous appendages (i.e., flagella and pili, of width 1-10 nm and length 1-10 µm) on the surface of bacteria (length and width usually between 0.3-3 µm) facilitate movement of bacteria (straight run lengths are up to 30 µm in length) and their arrangement into complex structures near surfaces (e.g., microcolonies, 10-1,000 µm in size, and biofilms, of thickness 10-1,000 µm) or in fluids (e.g., collective swarms, of size 10-1,000 µm). Biofilms and microbial mats, e.g., in the Grand Prismatic Spring in Yellowstone National Park, USA, can exceed 1-10 m in size.
Twitching: collective motility mode in which bacteria move together in a jerky fashion to rapidly spread on a surface
CONFINED FLOW

Length Scales for Bacteria
Bacteria possess or collectively organize into structures ranging from nanometers to many meters in size (Figure 1) . The length scales of their surface filamentous appendages, for example, are comparable to the dimensions of dialysis (2-5 nm) and ultrafiltration (2-100 nm) membranes. The body size of bacteria is comparable to characteristic pore sizes within soils (1-10 µm, for loams) or to the wide array of pore sizes in the extracellular matrix (1-10 µm). The directional persistence of individual swimming bacteria and the size scales characterizing the collective motility of swimming, swarming, or twitching bacteria are comparable to the inner diameters of catheters (90 µm and greater), as are the characteristic sizes of microcolonies. Biofilm thicknesses are comparable to the diameter of medical and industrial tubing (≥1 mm), although their lateral dimensions can be much larger-indeed, environmental biofilms can span many meters. This broad range of relevant length scales, spanning orders of magnitude, illustrates the challenge in describing effects arising from the interaction of confinement and flow. From a materials perspective, geometric confinement becomes relevant when the confining dimension h of a material is within an order of magnitude of a characteristic length scale L-here, of appendages, cells, runs, swarms, colonies, or biofilms. The ratio between bacterial and material length scales can serve as an effective confinement parameter ζ = L/h, with changes in bacterial behavior expected from this argument when ζ becomes of order ten or lower. Although not confined by a strict definition, nearby surfaces may modulate the dynamics of bacteria through chemical, steric, and/or hydrodynamic interactions-each with a characteristic interaction range. Chemical and steric interactions are typically short-ranged, acting over nanometers, whereas hydrodynamic interactions depend sensitively on the details of the flow field within the fluid. For Schematic of simulated fluid flow through random porous media. Expanded boxes highlight the variety of velocity profiles that can develop: uniform (solid ), shear (dashed ), and Poiseuille (dot-dashed ). Corresponding velocity profiles are sketched to the right. These regimes occur in the absence of confinement, 0D confinement near a wall, and 1D confinement between walls, respectively. More complex profiles (dotted ) develop in complex geometries.
one simple case, diffusion of a microscale sphere near a surface, hydrodynamic interactions decay inversely with the distance from the surface (e.g., ∼R −1 ). These comparisons suggest that physicochemical surface interactions act over length scales shorter than or comparable to appendages and cells.
A Prototypical Example of Confined Flow
Solid interfaces alter fluid flow profiles by introducing classical no-slip boundary conditions, at which the velocity of the fluid approaches zero. The shape of the velocity profile within the fluid depends on the arrangement of these interfaces. Treating a tortuous porous medium as a bulk continuum with an effective porosity and permeability, Darcy's and Brinkman's laws describe the average flux through the medium. On local length scales, however, the heterogeneous structure of porous media can cause any of a variety of potential velocity profiles to develop (Figure 2) . Far from any interfaces the fluid may flow as a plug, with a spatially uniform velocity profile. Near a single surface, the velocity profile is nearly linear, increasing away from the interface. When constricted between interfaces, such as a pore throat, the fluid adopts a parabolic velocity profile similar to that in fully developed Poiseuille flow. In more complex geometries within the media, fluid flow is multidirectional without a simple mathematical description. Constrictions through pore throats and dilations into interstitial spaces introduce an extensional component to the flow.
Beyond structural heterogeneities, fluid rheology drastically affects the flow field through confined porous media. Liquids encountered in microbiology often exhibit non-Newtonian features. One example of a non-Newtonian fluid is a solution of polymers, such as the polysaccharides found in the extracellular matrix of biofilms. The viscosity of many polymer solutions decreases as the shear rate is increased over an intermediate range, as polymer chains elongate and align in flow. This shear-dependent viscosity leads to deviations in the velocity profiles of polymer solutions from the classical profiles derived for Newtonian fluids, especially near interfaces.
Confined Flow and Transport of Colloids
To understand how bacteria move with flow through confined geometries, we first consider the transport of colloids and nanoparticles, whose dynamics should be similar to those of nonmotile bacteria (such as the skin bacterium Staphylococcus epidermidis). When flowed in a straight and rigid channel, colloidal particles with hard-sphere or repulsive interactions undergo biased diffusion, driving them to migrate toward the region of lowest shear rate at the channel center (19) . This shear-induced migration is most pronounced at high volume fractions of colloids and when advection is strong compared to particle diffusion, quantitatively described by a large Péclet number (the ratio of the advection and diffusion rates). Theoretical models posit that gradients in the stress tensor drive particle migration (20) . Addition of polymers to the suspension may reduce particle migration, by promoting aggregation through entropic depletion interactions that maximize the free volume available to the polymers (21), or enhance it, through demixing of particles and polymers (22) , depending on the particle and polymer concentrations and the flow rate.
The finite size of colloids and nanoparticles constrains their motion within confined porous media, leading to unexpected transport properties. In a geometrically ordered medium, for example, particles of carefully tuned sizes can be regularly displaced from streamlines to generate deterministic particle trajectories (23) . In other settings, geometric order couples advective and diffusive particle transport on short time-and length scales (24) . Both mechanisms alter how particles disperse through the medium. Furthermore, particles may be excluded by their size from accessing the slowest streamlines near the surface of obstacles or channels (25) , manifesting at the macroscopic (column) scale as early breakthrough (26) . These phenomena affecting colloidal transport in confinement derive largely from hard-sphere repulsions between the colloids and the confining surfaces, but softer repulsive potentials will also affect microparticle transport.
Soft confinement occurs when micro-and nanoparticles are dispersed in complex fluids containing polymers, proteins, or other macromolecules, which are collectively termed crowders because they reduce the free volume available to the particles. These crowders are usually mobile, create finite attractive potentials of order 1-10 k B T between particles, and introduce structural heterogeneities over the micron and submicron length scales that affect diffusive and advective transport. In a purely viscous solvent, colloids and nanoparticles undergo Brownian diffusion with a diffusivity described by the Stokes-Einstein equation. Heterogeneities present in crowded fluids may generate deviations from the Stokes-Einstein diffusivity. When particles are much larger than characteristic length scales in the crowder solution (for example, the size or separation between crowders), particle dynamics couples to viscoelastic relaxations of the complex fluid (27) . When particles are comparable in size to these crowder length scales, however, anomalous diffusion is often observed. In this regime, particle dynamics may couple to relaxation modes of the crowders themselves (28, 29) , reflect transient caging by mobile crowders (30) , and/or reflect transient immobilization driven by macromolecule-mediated interactions with surfaces (31) . Because the size of bacteria and their appendages also falls in this regime, their motility is expected to be affected by crowders and their relaxations. Second-order effects arise when particle-laden complex fluids are flowed through confined media. In ordered geometries, polymer additives enhance hydrodynamic dispersion of particles (relative to Newtonian fluids) because the periodic order regularly augments transverse displacements generated by shear-induced deformation of the polymers (32, 33) . Disordered geometries, however, average out polymer-induced fluctuations and do not lead to significant differences in particle dispersion (34) .
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SWIMMING
Unlike passive colloids and nanoparticles, many bacteria actively move by swimming using one or more flagella (35) . Swimming is especially widespread for pathogenic bacteria, allowing the food pathogen Salmonella enterica to approach host surfaces prior to infection (36) and enhancing the virulence of the enteric pathogen E. coli as it invades the urinary tract (37) . These infectious processes necessarily involve interactions of swimming bacteria with nearby surfaces. Methods to fabricate microfluidic devices on length scales of 10-1,000 µm have expanded opportunities for probing microbiology near surfaces or confined in one (plates) or two (channels, Figure 2 ) dimensions (38) . Here, we describe how nearby surfaces modify bacterial swimming, emphasizing the effects of flow (Figure 3) . No 
Flagellum:
helical filament whose rotational motion allows bacteria to swim
Bacteria are low-Reynolds number swimmers [from characteristic length scales and swimming velocities in Figure 1 , the ratio of inertial and viscous forces is Re ∼ 10 −5 (35)], with motion dominated by the viscosity of the fluid in which they swim. In this limit, the Stokes equations require propulsion mechanisms to be nonreversible in time. The great majority of bacteria swim using one or more flagella, consisting of a passive helical filament connected to a rotary motor. For example, E. coli bears many flagella, distributed about its body, that assemble into a bundle for swimming. Caulobacter crescentus, a model organism for cell cycle regulation, and Pseudomonas aeruginosa, an opportunistic pathogen and model organism for biofilm formation, each bear one polar flagellum; Rhodobacter sphaeroides, a model organism for photosynthesis, bears one lateral flagellum. Hydrodynamic drag on the filament, driven by motor rotation at ∼100 Hz, generates a net viscous force along the axis of the helix that propels the cell forward; counterrotation of the cell body at ∼25 Hz leads to the force-and torque-free swimming required at low Re in the absence of external forces (39).
Near-Surface Swimming and Accumulation
Far from surfaces, flagellated bacteria swim in approximately straight lines and change direction using one of several mechanisms, depending on the number and location of their flagella. E. coli reverses the direction of motor rotation, unbundling the flagella and generating a tumble. C. crescentus also reverses the direction of motor rotation for its single flagellum, whereas R. sphaeroides halts motor rotation entirely. Near no-slip solid surfaces, however, flagellated bacteria swim in clockwise circles (40) . These curved trajectories result from hydrodynamic forces and moments induced by surfaces (41) . Both the rotating helix and the counterrotating cell body experience hydrodynamic forces that decrease with distance from the surface, leading to a wall-induced moment that rotates the bacterium (42) . Hydrodynamic models predict the curvature of the trajectory to decrease and the swimming speed to increase as bacteria swim farther from the surface (41) . The direction of the surface-induced moment depends on the boundary conditions at the interface. Near air-water interfaces for which slip boundary conditions hold, bacteria swim in counterclockwise circles (43) . Thus, the change in the curvature direction can be exploited to direct microbial motility near patterned surfaces (44) or to probe interfacial properties (45) .
As a second example of how nearby surfaces modify swimming behaviors, bacteria such as E. coli (46) and C. crescentus (47) accumulate near surfaces. This increase in density near surfaces is driven, in part, by an increase in the near-surface residence time (48) . The increase in residence time was first attributed to the hydrodynamic interactions of a flagellated swimmer with the surface (49) . A flagellated bacterium generates a positive dipolar flow in the surrounding fluid, repelling fluid along its long axis and pulling fluid in along its side. At distances greater than a few cell body lengths, however, this bacteria-driven flow is overwhelmed by thermal noise (50) . This result indicates that short-range steric interactions, arising when bacteria collide with surfaces, strongly influence accumulation. Collisions with the surface reorient bacteria and align them parallel to the surface (51), leading to an increase in bacterial density there; Brownian fluctuations reorient bacteria and reduce accumulation (50, 52) (Figure 3a) . Although steric collisions initiate reorientation at the surface, the nose-down orientation of cells swimming along a surface suggests that nearfield hydrodynamic coupling is essential for maintaining a near-wall trajectory (53) (Figure 3c) . Similarly, near-field hydrodynamic contributions that reorient bacteria into the surface (54) likely contribute to trapping of E. coli near convex obstacles (55) .
Flows near surfaces in environmental and physiological settings generate shear rates of order 1-10/s in soils and 10-1,000/s within the body. Under fluid shear conditions, bacterial locomotion does not have to be force and torque free. Indeed, linear fluid shear can generate torques on bacteria Rheotaxis: changes in an organism's motility in response to fluid shear or their appendages, modifying their direction of motion. As one example, near-surface simple shear flows periodically reorient nonflagellated E. coli along their fore-aft axis (56) . The trajectories of the bacteria are described by Jeffery's theory, which predicts the motion of prolate spheroids in a steady linear shear flow in the absence of inertia (57) . The orbital period increases as bacteria move closer to the wall and experience greater hydrodynamic interactions (56) . As a second example, flagellated bacteria such as E. coli (58) (Figure 3b ) and Bacillus subtilis (59) can exhibit rheotaxis and swim upstream against shear flow. Far from surfaces, shear-induced torques on the helical filament can reorient bacteria to drift across streamlines (59) . Near surfaces, shear flow at moderate rates [∼100/s (58)] can reorient the body of the bacterium to swim against the flow direction (60). E. coli confined (in 2D) in a channel swim upstream near the channel walls, where hydrodynamic interactions are greater (61) . Simulations of a model run-and-tumble swimmer reveal that channel width and swimmer density sensitively affect swimmer velocity profiles (62) . The ability to swim upstream arises from the interaction of flow-induced torques and bacterial motion and is not observed in passive anisotropic or helical colloids (which are still reoriented by flow).
The combination of bacterial motility and fluid shear affects the ability of bacteria to remain trapped near surfaces. Under quiescent conditions, hydrodynamic surface interactions reduce the frequency of the tumbles used by E. coli bacteria to change direction; bacteria that reorient remain aligned with the surface (63) . Because the reduction in tumbling persists at distances from the surface of 20 µm, much greater than the length of a flagellum or bundle, hydrodynamic interactions between the flagella and the surface likely reduce the forces necessary to unbundle and thereby quench tumbles (63) . Gentle shear flows (0.06-30/s), however, increase the tumbling frequency close to that measured in a bulk fluid, reflecting contributions of both passive reorientation and active shear-enhanced unbundling of flagella (64) . Hence imposed flows can detach bacteria from the near-wall position (61) . Competing effects from the external flow field and from the hydrodynamic interactions of a flagellated swimmer with the wall can either promote or hinder detachment; simulations suggest that the run-and-tumble motion of E. coli represents an effective strategy for surface escape, compared to enhancements in thermal noise that drive Brownian rotation (65) . More generally, fluid shear alone can drive elongated bacteria to accumulate in regions of high shear often found near surfaces; by rotating bacteria to align along the flow direction, fluid shear suppresses their motility across a channel, independent of the mechanism used by a bacterium to change direction (66) (Figure 3d ).
Collective Swimming
The interplay of fluid shear and bacteria-surface hydrodynamic and steric interactions that affects single cells near interfaces also affects collective swimming behaviors of bacteria. Near-wall accumulation, described in Section 3.1, provides one example of a collective behavior arising from fluid flow and surface interactions. In a second example, unconfined bacteria at high cell densities swim in self-organized patterns on length scales of 10-100 µm (67). By markedly reducing the fluid viscosity, collective swimming can nearly eliminate viscous resistance to shear (68) . Momentum transfer from collectively swimming bacteria to nearby surfaces, enhanced by the decrease in viscosity, can actuate macroscopic motions-rotating microscale gears (69) (Figure 3f ) or propelling microscale arrows (70) . Conversely, 1D confinement between planar walls may suppress this collective swimming (71) .
Swimming bacteria themselves generate fluid flows that can drive accumulation in confined spaces. In thin colonies, B. subtilis bacteria move collectively in jets and whirls that are much larger (10-100 µm) than individual cells and at speeds (∼100 µm/s) that greatly exceed that of a single swimmer (72) . In thin circular films, B. subtilis bacteria self-organize into a stable vortex, driven by steric interactions within the boundary layer that orient the cells (73) (Figure 3g) . Surprisingly, outward-pointing bacteria within the vortex swim upstream. The fluid pushed backward by their flagella generates the bulk flow in the film, and hydrodynamic interactions stabilize the vortex state (74) . Similarly, bacteria confined in 2D in a thin oval racetrack channel undergo a transition from disordered to unidirectional swimming as the channel width is decreased below the correlation length measured in bulk fluid suspensions (75) . The bacteria-driven fluid flow near the boundaries of the racetrack again drives this self-organization. Again, both steric and hydrodynamic interactions with confining geometries contribute to drive nonbulk swimming behaviors.
Porous Media
Bacteria in natural environments often interact with geometries that are more complex than thin films or channels, which feature 1D or 2D confinement. The schematic in Figure 2 is an idealized representation of the pore space in soils or in the extracellular matrix, as two examples. Swimming may enhance (76) or reduce (77) the dispersion of bacteria flowed through porous media, depending on the strain of bacteria and the geometry of the medium. Motile bacteria can swim through throats that are only 30% larger than their size (78) , and thus are able to access a large fraction of the void space within a porous medium. Nevertheless, geometrically complex confinements can modulate swimming behaviors. Multiply flagellated B. subtilis, for example, tumbles to change direction in bulk fluid but reverses direction upon encountering an obstacle (79) . During reversal, it changes direction without reversing the orientation of its body, similar to the reversals observed in singly flagellated Vibrio alginolyticus (80) . How interactions with obstacles affect the ability of bacteria to swim through a porous medium, though, is not fully understood. E. coli swimming in a quasi-2D disordered porous medium exhibit higher run-to-tumble frequencies that are consistent with more frequent changes in direction (81) . Conversely, Pseudomonas putida, which lives in close-packed soils and bears multiple polar flagella, exhibits longer-than-expected runs when swimming through an ordered porous medium with throat sizes smaller than the bacterium and its flagella, despite frequent collisions (82) . The contrast of these results suggests that geometric order may modulate the directional persistence of swimmers navigating a porous medium.
Complex Fluids
Bacteria in natural settings swim through complex fluids, such as natural organic matter (∼1-10 nm, flocs of up to 1 mm) and mucus (fibers of diameter ∼100 nm, pore sizes of 100 nm-10 µm), and excrete extracellular polymers. The heterogeneous structure of these fluids on that nano-to microscale is expected to alter bacterial motility (83) . Moreover, characteristic timescales associated with bacterial motion (e.g., flagellar rotation, cell body translation) are comparable to those associated with relaxation processes in complex fluids. Thus, relaxations and dynamics of complex fluids may also alter bacterial motility.
Early experiments on bacterial motility in polymer solutions suggest that the swimming speed of E. coli decreases as polymer concentration is increased (84) . Because the rotary motor operates at constant torque, the increase in (effectively, Newtonian) fluid viscosity obtained by adding small polymers is expected to decrease the swimming speed of E. coli (35) . Larger polymers whose size exceeds that of the flagellar bundle (∼40 nm) relax on timescales comparable to the local shear generated by flagellar rotation; the local shear flow generated by the bundle falls within the shear-thinning regime of the polymer solution, leading to deviations from the Newtonian fluid prediction (85) . Both viscous and elastic contributions to the flow can be accessed by tuning the concentration and molecular weight of the polymers in solution. Increasing the viscosity reduces
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Pili: hairlike appendages on the surface of bacteria, used to move on and adhere to surfaces; some types are also referred to as fimbriae Catch bond: bond that strengthens with increasing tensile stress the frequency at which E. coli tumbles, whereas increasing the elasticity suppresses inefficient wobbling and thereby increases its swimming speed (86) (Figure 3e) . Thus, nano-, micro-, and continuum-scale fluid properties can modulate the individual motility of bacteria in bulk fluids.
Because they affect hydrodynamic interactions of bacteria and appendages, complex fluids are also expected to modulate confined swimming behaviors. Simulations predict, for example, that fluid elasticity can increase the residence time of swimmers near surfaces (87) and can modify collective motion in bulk fluids (88) . How flow of complex fluids affects the behavior of swimmers, however, has received surprisingly little attention-despite strong relevance for understanding the transport mechanisms of gastrointestinal pathogen Helicobacter pylori through the viscoelastic gut mucus (89) or the Lyme disease vector Borrelia burgdorferi through the extracellular fluid (90) . For these processes, understanding how fluid rheology affects the accumulation of bacteria near confining surfaces has significant implications for the onset of infection. Recent theoretical models predict that fluid elasticity can cause rheotactic swimmers to accumulate at the center of a microchannel (91) . This change in accumulation arises from continuum normal stress differences; whether and how the microstructure fluid structure affects accumulation have not yet been studied.
SURFACE ATTACHMENT AND ADHESION
Over 90% of bacteria in the environment live on surfaces. Fluid flows oriented normal or parallel to the surface transport planktonic bacteria to the surface by diffusion or advection, respectively (92), and generate adhesive or frictional forces between bacteria and surfaces (93) . Bacteria dynamically or passively approaching surfaces dramatically modify their gene expression to increase production of appendages that drive surface-associated motility behaviors, promoting colonization; small-molecule signals, enabling communication between cells; and extracellular polymers, aiding surface attachment. How bacteria sense surfaces to modify gene expression likely involves one or more mechanical, physical, and chemical cues (94) . Here, we describe surface attachment in the presence of flow (Figure 4) , focusing on near-surface motility behaviors that promote surface attachment and migration.
Physicochemical Adhesion Models and Their Limitations: A Case Study
In Derjaguin-Landau-Vervey-Overbeek (DLVO) theory, the interaction between a colloidal particle and a surface is modeled as the sum of electrostatic double-layer and van der Waals interactions. DLVO is widely applied to predict interactions between colloids and surfaces in aqueous solutions. Given the size of bacteria, either DLVO or an extended version (xDLVO), which incorporates Lewis acid-base interactions to model hydrophobicity, has been used to predict their initial, nonspecific adhesion. Although successful in some settings, these models make assumptions that limit their predictive ability elsewhere (96) . They neglect features of bacterial microenvironments, including shear flow, heterogeneities in surface roughness or chemistry, and the 3D geometry of confined porous media. Furthermore, DLVO theories treat the surface of bacteria as smooth and uniform, neglecting passive and active interactions mediated by flagella, pili, and other nanoscale surface structures. DLVO and xDLVO thus constitute a first approximation for predicting adhesion, likely with greater utility for bacteria (such as S. epidermidis) bearing few surface appendages.
In flow conditions, additional factors likely influence adhesion. As one example, the distal tip of the type I pili expressed by many species of E. coli bears a protein, FimH, able to bind specifically to mannose groups found on the surfaces of the eukaryotic cells that E. coli infect. Across an intermediate range of forces, the FimH-mannose bond acts like a catch bond and the bond lifetime is increased (97) . As a result, E. coli maximally adhere to mannosylated surfaces over an intermediate range of shear stresses (∼10 −2 to 10 −1 Pa) (98) . Below this range, the bond lifetime is not enhanced; above, the bond instead acts like a slip bond and weakens with increasing stress. The FimH system provides one example of stress-dependent adhesion, linked in this case to a protein. Other stress-dependent mechanisms likely influence bacterial adhesion, as P. aeruginosa (99) and type I pili-deficient E. coli (100), among others, exhibit stress-enhanced adhesion without a known specific interaction.
Passive Near-Surface Mobility and Transport
Flows near surfaces may entrain both motile and nonmotile bacteria to promote accumulation. Just as active motility can increase residence times near surfaces (Section 3.1), likewise passive transport-driven mobilities that increase residence times near surfaces increase the probability that bacteria become irreversibly adhered. The FimH adhesin, for example, mediates one near-surface mobility that increases near-surface residence time. In stick-and-roll adhesion, E. coli roll over mannose-covered surfaces at velocities of up to 30 µm/s when the shear stress is low but become irreversibly adhered when the shear stress is high (>0.1 Pa) (101). The short-lived bonds formed between FimH and mannose allow cells to travel rapidly along a surface under conditions of low shear stress and accumulate in regions of high shear stress. This mobility may enhance the rate at which E. coli colonizes surfaces (102) and may particularly benefit pathogenic bacteria in the high-shear microenvironments near the intestinal surface (101) . A second example of passive mobility is sliding mobile adsorption/desorption observed for S. epidermidis flowed at a shear rate of 15/s on glass substrates. Movement of bacteria at velocities of ∼1 µm/s is attributed to the repulsive interaction between hydrophobic bacteria and hydrophilic substrate (103) . A final example of passive mobility is mobile adhesion of E. coli, in which type I pili-deficient bacteria move at velocities of 10 −2 to 10 −1 µm/s over surfaces with subnanometric roughness (100). Because the velocities of bacteria in these mobility modes are less than that of the bulk fluid flow, these mobilities cannot be driven solely by hydrodynamic forces but must also involve short-range interactions mediated by surface structures on the bacteria. Moreover, they provide one pathway to increase deposition within zones of relatively high shear, and hence likely alter dispersion in porous media.
Flagellar Motility and Surface Attachment
Flagella-driven motility, which can promote accumulation of bacteria at surfaces (Section 3), also affects the rate at which bacteria attach. Motile and nonmotile bacteria attach to surfaces at similar rates when the rate of transverse motion set by swimming is comparable to those of passive transport processes such as diffusion (104) . Under flow conditions, however, flagellated E. coli (104) (Figure 4b) and P. aeruginosa (105) attach more rapidly to surfaces than bacteria lacking flagella. The mechanisms by which flagella enhance attachment likely depend on the dominant transport mechanism, ranging from upstream swimming when the rate of advection is somewhat less than passive diffusion (Pe ∼ 0.1) (105) to attachment strengthened by flagellar rotation in the opposite limit (Pe ∼ 2×10 4 ) (104). These mechanisms allow motile swimming bacteria to idle near surfaces, increasing their retention and dispersion within a 3D porous medium (77) . Enhanced dispersion occurs only when the rate at which bacteria swim toward the surface exceeds the rate at which they are advected through the porous medium. Because surface attachment also involves short-range interactions, however, different strains of bacteria may exhibit other behaviors. As one example, swimming motility of the soil bacterium Azotobacter vinelandii reduces attachment in model 2D glass micropillar arrays (106) . Thus, specific physicochemical interactions may still alter attachment processes even when the dominant transport process is the same.
Beyond modifying transverse transport, bacteria use flagella in other ways near a surface to promote or reduce attachment. E. coli bacteria, for example, better adhere to surfaces featuring microscale trenches when their flagella are free to rotate (107) . When attached to a surface by a flagellum, bacteria can still rotate the flagellar motor and thus spin rapidly on the surface at rates of ∼2.5 Hz for E. coli (108) and ∼5 Hz for P. aeruginosa (109) . The spinning behavior of tethered bacteria reflects both hydrodynamic (110) and physicochemical (111) interactions of bacteria with the surface. Moreover, spinning can help bacteria detach from surfaces (109, 111) . A detailed hydrodynamic comparison of spinning P. aeruginosa, the metal-reducing bacterium Shewanella oneidensis, and the cholera pathogen Vibrio cholerae reveals that the mechanical properties of the flagellum, its interaction with the surface, and the shape of the bacterium determine the likelihood of detachment (110) . Finally, flagellar spinning generates other near-surface motilities, such as lateral diffusive spinning in P. aeruginosa (112) (Figure 4a) . Although these motility modes reflect hydrodynamic interactions with nearby surfaces, how flow alters these motilities remains largely uninvestigated.
Type IV Pili-Mediated Dispersal and Adhesion in Flow
Bacteria that live on surfaces express several types of pili. Type I pili, distributed uniformly around the cell surface, help bacteria attach to surfaces (Section 4.1). Type IV pili, located preferentially at the poles of a bacterium, aid in attachment and moreover enable collective surface motility modes. Bacteria such as P. aeruginosa and the gonorrheal pathogen Neisseria gonorrhoeae twitch by repeatedly extending and retracting type IV pili to propel forward on a surface (113) . Although type IV pili can actuate motion only on surfaces, their presence nonetheless modifies patterns of swimming motility. Near glass surfaces, swimming V. cholerae exhibit meandering roaming trajectories and highly curved orbiting trajectories with longer residence times arising from frictional interactions between the type IV pili and the surface. Only orbiting cells are able to irreversibly attach (114) . Similarly, interactions between the type IV pili of P. aeruginosa and host cell surfaces, likely mediated by transient receptor-ligand interactions, increase the number of highly curved and low-speed trajectories suggestive of close contact (115) . Hence, both nonspecific and specific type IV pili-mediated interactions modify swimming behaviors for bacteria.
Individual bacteria can use type IV pili to walk with short directional persistence (∼2 µm) when oriented perpendicular to the surface and crawl with longer directional persistence (∼6 µm) when oriented parallel to the surface (116) . Differences between the directional persistence of walking and crawling lead to diffusive and superdiffusive surface motion, respectively, enabling efficient coverage of area and linear distance (109) . In the presence of shear flow, bacteria can crawl on surfaces against the flow direction using type IV pili. This upstream twitching, observed for P. aeruginosa (117) and the plant pathogens Xylella fastidiosa (118) and Acidovorax citrulli (119) , is similar to the upstream rheotaxis observed for swimming bacteria in that it originates from interactions between appendage-driven motion and flow. Upstream twitching, though, requires type IV pili and a nearby surface. Bacteria tethered asymmetrically at one pole by type IV pili are dragged by shear flow to align along the flow direction. To twitch upstream, bacteria retract the type IV pili at the tethered pole (117) . Upstream twitching has pronounced consequences for the ability of bacteria to explore confined microchannel networks: P. aeruginosa bacteria possessing type IV pili can fully explore side branches of a network, whereas bacteria lacking pili remain localized to the linear channel in which they are seeded (120) (Figure 4d) . This unusual dispersal pattern arises from the combination of zig-zag slingshot motions by the bacteria (121) with shear-flow-driven detachment and downstream reattachment. By combining slingshots and reattachment events, bacteria can diffuse in the direction lateral to flow while counter-advecting
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Extracellular polymeric substances (EPSs)
Finally, bacteria can use type IV pili to move on rough or soft surfaces. Even modest topographic features can confine bacteria, with barriers as short as 1 µm in height able to trap twitching Myxococcus xanthus or N. gonorrhoeae bacteria within grooves (122) . Similarly, bacteria modify type IV pili-driven motility when moving on viscoelastic surfaces of varying fluidity or compliance. For example, N. gonorrhoeae bacteria twitch increasingly slowly on supported lipid membranes as the fluidity of the membrane is increased, so much so that they become effectively confined on nonfluid islands patterned within the fluid membrane (123) . Likewise, bacteria using type IV pili slingshot more frequently on softer polymer brush surfaces (124) (Figure 4c) . In slingshot motility, bacteria alternate slow linear translation (0.03 µm/s) with a fast rotation-translation (1 µm/s) (121). The more frequent rapid motions on soft surfaces exploit the shear-thinning rheology of the polymers to reduce the energy dissipated during twitching on a soft surface. These examples are consistent with recent studies indicating that type IV pili may act as mechanosensors for bacteria, sensing both solid surface contact (125) as well as fluid shear (126), and are consistent with the idea that very soft surfaces may hinder biofilm formation (126) . Indeed, in the extreme soft limit, liquid-infused surfaces frustrate bacterial attachment (127).
Extracellular Polymers Promote Attachment and Colonization in Flow
As a precursor to adhesion, bacteria near surfaces produce extracellular polymeric substances (EPSs). In aqueous solution at dilute concentrations [∼3 × 10 17 chains/L (128)], the EPS forms a weak network with viscoelasticity dominated by polymer entanglements and divalent ion-mediated intermolecular associations (129) . EPS expression alters bacterial surface motility. For example, P. aeruginosa that crawl across a surface using type IV pili excrete EPS trails that other bacteria follow to explore surfaces (130) . EPS molecules can also alter the adhesive behavior of individual bacteria deposited from flow onto flat surfaces (131) and within porous media (132) . Beyond the changes in adhesion arising from physicochemical effects such as steric repulsion and DLVOtype interactions, flow-induced deformation of the EPS itself can also affect bacterial adhesion. Staphylococcal bacteria adhering to a surface vibrate due to Brownian motion, with an amplitude that characterizes the softness of their EPS layer. Shear flow at a rate of 10/s reversibly deforms and stiffens the surrounding EPS, leading to smaller vibrational amplitudes in the direction normal to flow than perpendicular to it (133) (Figure 4f ) . Hence, flow-induced deformation of the polymers that mediate attachment (EPS, but also polymeric nanofibers such as flagella and pili) can modify the strength of adhesion.
Shape-Enhanced Attachment in Flow
Although the previous examples focus on interactions mediated by surface polymers in flow, other physical parameters, such as shape, affect the likelihood that bacteria adhere to surfaces. First, bacteria of greater shape anisotropy (length/width) are preferentially retained when flowed through a dense packed bed, whereas bacteria in the effluent are smaller and rounder (134) . This result, obtained across a variety of environmental isolates, suggests a generic role of geometry: Anisotropic bacteria have a larger capture cross-section than spherical bacteria of similar volume when flowed through a tortuous porous medium featuring curved streamlines. Hence, this purely geometric effect should also operate for colloids and nonmotile bacteria. Second, flow enhances surface adhesion for C. crescentus, shaped like a curved rod, over its straight-rod mutants (135) . C. crescentus attaches to a surface using a strongly adhesive holdfast and expresses flagella and Re v e rs ib le a t t a c h m e n t
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Figure 5
Relevant timescales for the growth of bacterial biofilms. Processes underlying biofilm growth can be sorted into one of three categories (adapted with permission from 136): hydrodynamics (orange), mass transport (blue), and biofilm development ( purple). Hydrodynamic processes typically occur over timescales of 10 −1 -10 1 s; mass transport over 10 −3 -10 1 s (chemical reactions) and 10 1 -10 3 s (nutrient diffusion); and biofilm growth, decay, and detachment over 10 4 -10 7 s. Processes generally occur over the indicated timescales but may occur continuously, contemporaneously, and over a wide range of timescales.
pili at its other pole. In the moderate flow environments (wall shear stresses less than ∼2 Pa) characteristic of its native freshwater habitats, flow orients curved C. crescentus to arc over the surface; after the bacterium divides, this orientation reduces the distance between the surface and the polar pili, which promote adhesion, on the new daughter cell (135) . This advantage afforded by curved shape, however, is lost in stronger flows (135) . Environmental flows may thus apply a selective pressure on properties that increase surface attachment of bacteria in their native habitats.
BIOFILMS
Biofilm formation is dynamic, occurring over a wide range of timescales ( Figure 5 ) set by concurrent hydrodynamics, mass transport, and biofilm growth processes (136) . Hydrodynamic processes occur on short timescales, as bacteria move through surrounding fluids and interact with nearby surfaces. Chemical reactions occur on short and intermediate timescales, driven by transport of nutrients and signals. In turn, nutrient transport and reactions facilitate growth of bacteria and production of exopolymers. Mature biofilms grow and then decay, influenced by fluid flows that transport nutrients but reshape and erode biofilm structures. Here, we describe how biofilm structure is shaped by and in turn constrains fluid flow and chemical transport.
Fluid Shear Alters Biofilm Structure
Fluid flow near surfaces generates shear stresses that affect the formation and structure of biofilms in at least three ways. First, shear flow can enhance biofilm formation. Physiologically relevant shear stresses of order 10 −2 -10 0 Pa can trigger the expression of EPS constituents, such as polysaccharide intracellular adhesin in S. epidermidis (137) . Shear forces of only 0.002 pN [orders of magnitude lower than the ∼100-pN forces (138) exerted by type IV pili during retraction] boost expression of molecules important for signal transduction and biofilm formation, such as 3 ,5 -cyclic diguanylic acid in P. aeruginosa (126) . Fluid shear thus generates a positive feedback loop, initiating biofilm formation that leads to larger frictional forces and thus increases EPS production.
Second, flow can affect the structure and mechanics of biofilms. Mechanically, biofilms behave like soft viscoelastic solids, with a low elastic modulus [<10 4 Pa (139)], a long relaxation time [∼10 3 s, likely reflecting the shortest time period over which a biofilm can change its phenotype in response to a transient mechanical stress (140) ], and a finite yield stress [∼10 Pa (141) ]. Their structural and mechanical response to shear is thus time and rate dependent. When first exposed to fluid shear, biofilms compress and decrease in thickness (142) . Biofilms grown under shear often contain more bacteria (143) and a denser EPS matrix (144) but exhibit a wide variation in mechanical properties across the range of growth stresses probed in experiment. Whereas biofilms of P. aeruginosa (145) and sulfate-reducing Desulfovibrio (146) (136) as well as whole biofilms (148) . The dominant detachment mechanism, however, depends on the rate of change of the fluid shear stress as well as its magnitude (149) and may reflect contributions from cohesive bonds within the biofilm and adhesive bonds between the biofilm and the surface (150) . After detaching from the main biofilm, clusters can roll slowly along the surface, dragged along by the shear flow and slowed by forming transient surface-attached tethers (151) , reminiscent of the shear-strengthened (molecular) FimH-mannose catch bonds formed by E. coli.
Confined Flow Alters Biofilm Structure
Biofilms grown in fluid flow, whether turbulent (high Re) streams or laminar (low Re) microchannels, flow cells, and membranes, can feature extended filamentous structures termed streamers. In microscale channels, biofilm streamers of width ∼10-20 µm (152) can approach aspect ratios of at least 10 (153) . These structures are observed in a wide variety of biofilm-forming bacteria, including P. aeruginosa (154) , Staphylococcus aureus (155), S. epidermidis (137) , and E. coli (156) . Streamers form in regions of high fluid shear [∼1/s (157)] because biofilms behave rheologically like Bingham solids, undergoing nonlinear plastic flow only above a critical shear stress (150) . Although often formed under turbulent conditions in environmental settings, in laminar flow they can form in curved channels by accumulation of biomass in recirculating flows (157) or in porous media by surface capture of flocs (158) . Shear flow subsequently extends the biomass into a slender filament. Streamers tethered at the corners of channels can cross fluid streamlines to bridge across channels (152) , acting as hinged filaments that reorient in flow (155) . Practically, streamers underpin one mechanism of catastrophic clogging: Detached EPS is captured on streamers, clogging the channel on timescales (∼30 min) much shorter than those required for growth (∼6.5 h) (159) .
Other confining geometries can shape biofilms that develop under flow. Formation of S. oneidensis biofilms near 2D baffle structures depends on both fluid velocity and baffle spacing (160) . When advective transport occurs on similar timescales to microbial motility, bacteria can penetrate baffles and form biofilms in the semiconfined space between them; when the flow rate is increased, advective transport dominates, and biofilm formation is limited to the areas accessible by the fluid streamlines. Increasing the baffle spacing, however, generates secondary flows that enable bacteria to enter the semiconfined space and form biofilms (160 length scale (∼100 µm) is much larger than the size of a bacterium, the relative motility imparted by flow and by bacterial motility controls biofilm formation within the confined regions.
Biofilm Growth Modifies Confined Flow
Just as fluid flow and shear influence how biofilms form and mature, biofilms likewise alter fluid flow through confined media. Biofilms can grow to fill pores and occlude flows or decay, lyse, and detach to open new flow channels (161) . These changes in fluid flow alter macroscopic transport of fluid and nutrients, leading to a complex feedback loop for biofilm growth and decay in porous media.
Combined experiments and simulations of flow through a 3D packed bed (Re = 0.1-10) reveal that biofilm growth reduces the conductivity of the fluid and increases the number of dead-end pores (162) . Simulations coupling biomass growth to nutrient use suggest that biofilm growth preferentially occurs away from the main flow path, in narrow channels normal to the flow direction, and is not limited by nutrient transport (162) . Conversely, experiments and models in 2D microfluidic networks at low Re suggest a critical role for nutrient transport for multispecies biofilms (163) . Rapid growth of a biofilm in a narrow channel can clog the channel and reduce fluid transport there, while redirecting flow to other channels. A model incorporating biofilm growth and flow-induced detachment suggests that strong flow (when detachment exceeds growth) favors faster-growing biofilms, but weak flow favors slow-growing biofilms (163) . A final example of biofilm growth in confined flow arises when strains that can and cannot produce EPS compete to form biofilms. A matrix-producing wild-type (WT) P. aeruginosa strain outcompetes a mutant strain that is deficient in producing EPS (and hence is detached by gentle shear) to form biofilms on flat surfaces within microfluidic channels (164) . In microfluidic channels containing irregularly spaced and sized posts, however, both the matrix-producing WT and the non-EPS-producing mutant are able to form biofilms. The growth of WT biofilm occludes pores and generates regions of low fluid shear in which the EPS-deficient mutant can attach and form biofilms. These studies highlight different ways by which confined flow and biofilm growth repeatedly interact to modify pore structure and connectivity, with the properties of different groups of bacteria molding the local structure and composition of biofilms.
Flow-Altered Transport in and near Biofilms: Example of Quorum Sensing
Living bacteria within a biofilm must access nutrients and chemical signals necessary for sustenance and communication; conversely, strategies to eradicate biofilms require transport of dispersants to cells sheltered within. The tortuous and porous biofilm structure, consisting of dense cell clusters as well as channels and voids, hinders small molecule transport. Within dense cell clusters, transport of small molecules is dominated by diffusion (165), but both advection and diffusion can transport molecules within larger voids or channels. Mass transport within a biofilm thus resembles that in a porous medium (166) . Biofilms grown in flow are shaped by their need both for efficient mass transfer and to resist erosion by shear stress, such that their effective diffusivity decreases towards the biofilm base (167) . How biofilms respond to nutrient transport, however, may be surprisingly complex: Both low and high nutrient concentrations can trigger the release of cells from biofilms to search for more favorable environments or better access the local nutrients, respectively (168) .
Transport of chemical signals is of special interest for quorum sensing (QS), required by many bacteria species to initiate multicellular behaviors. Bacteria detect and respond to autoinducers produced by themselves and by other bacteria, enabling communication between cells (169) . Autoinducers are transported between cells and trigger QS only upon exceeding a critical concentration. Hence, QS is affected by the population size and density as well as the local mass-transfer
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environment, demonstrated by confining P. aeruginosa bacteria in small (∼10-µm) 3 3D traps that are permeable to fluid flow (170) or by varying the level of water saturation on leaves harboring the plant pathogen Pseudomonas syringae (171) . Tortuous geometries impose constraints on the onset of QS and quorum size that reflect a balance between accessing nutrients and retaining autoinducers in flow (172) . Although the term quorum sensing suggests that a critical cell number must be exceeded, an individual bacterium confined within a small (∼10-µm) 3 , isolated, impermeable fluid environment can generate a sufficient autoinducer density to trigger QS (173, 174)-useful for a soil bacterium trapped in a pore, or for an isolated pathogen. These examples show that both confinement and flow alter QS, as expected for bacteria living in complex geometries permeated by fluid flow.
Although most studies of QS have been performed in planktonic cultures, biofilms can also contain cells at sufficiently high number and/or density to activate QS. Because QS systems regulate key aspects of biofilm formation for many bacteria, understanding how flow modifies QS within biofilms has significant implications for biofilm maturation and dispersal. Similar to how it modifies nutrient transport and convective flow, the biofilm matrix is expected to alter QS by modifying autoinducer transport. In P. aeruginosa, for which QS promotes biofilm formation, increasing the fluid flow rate (Re = 0.3→300, Pe = 700→70,000) increases the amount of biofilm biomass required to initiate QS; at an even higher flow rate (Re = 3,000, Pe = 7,000,000) QS is never fully induced (175) , and the morphology of WT and QS-deficient biofilms is similar (148) . Flow-driven changes in QS expression can have pronounced consequences for biofilm formation in confined flow. In S. aureus, even gentle fluid flow (Re ∼10 −3 , Pe ∼ 30) generates spatial gradients of QS expression. Near the biofilm periphery, efficient advection of autoinducers represses QS; within the biofilm, autoinducer concentration builds over time to active QS (176) . Further, when biofilm formation is repressed by QS, flow within a microchannel leads to spatially heterogeneous biofilms by increasing the autoinducer concentration downstream (176) . Different species of bacteria exhibit distinct responses to QS; how flow affects QS within biofilms for a given species of bacteria depends on the production of the sheltering extracellular matrix (177) and, likely, its ability to resist deformation under flow (178) . Hence, QS-directed processes, such as biofilm formation and dispersal, are expected to be nonuniform along extended or tortuous flow pathways, and among the multispecies communities encountered in practical applications such as membrane or pipeline fouling.
SUMMARY POINTS
1. Fluid flow within confined geometries modifies how bacteria swim, attach to surfaces, and form biofilms. Whether beneficial or deleterious, how flow and confinement affect these phenomena must be considered when designing or operating processes involving bacteria.
2. For planktonic swimming bacteria, nearby surfaces introduce steric interactions that couple with Newtonian and non-Newtonian fluid hydrodynamics and shear to generate curved trajectories, promote or reduce near-surface accumulation, induce rheotaxis, and lead to collective self-organized motility patterns.
4. The hydrodynamic stress imposed by externally driven flows leads to complex changes in the structure, mechanical properties, and growth of biofilms, which may in turn modify flow fields in porous materials. Flowing within and around a biofilm, fluids can transport nutrients and chemical signals that alter the growth rate, dispersion, and quorum-sensing capabilities of biofilms.
FUTURE ISSUES
1. Although research efforts have largely focused on solid/liquid interfaces, liquid/liquid and gas/liquid interfaces are common in natural and engineered processes, such as oil droplets after an oil spill or bubbles in sparged bioreactors. How bacteria attach to, transport along, and interact with these interfaces is not well understood.
2. Whereas most microfluidic and engineering environments are well ordered or periodic, environmental settings are often random and commonly possess a wide distribution of length scales. Understanding how transport, attachment, and growth of bacteria and biofilms are modified by medium geometry will inform applications from membrane fouling to microbially enhanced oil recovery.
3. This review focuses largely on the effect of steady-state confined flow, which already presents a rich and complex scientific problem. In many engineering processes and environmental systems, however, flow fluctuates over time. Transient flow conditions, only beginning to be studied, will likely further affect bacterial behavior near surfaces and in confinement.
4. Outside the lab, bacteria species rarely exist in isolation. How flow shapes interactions between the different species in a spatially defined consortium must be considered when designing and developing engineering solutions.
5. Controlling bacterial behavior near surfaces and in flow is fundamentally complex. Engineers may apply microbiological approaches, modifying the bacterial genome and targeting the epigenetic response, or physical approaches, developing materials and devising processing routes informed by relevant physical regimes of mass and momentum transport. Robust and effective solutions will require integrating both of these approaches.
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